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1  | INTRODUCTION
Biodiversity	patterns	across	environmental	and	spatial	gradients	have	






one	 hand,	 biodiversity	 depends	 on	 environmental	 constraints	 such	
as	 energy	 availability	 (Evans,	 Greenwood,	 &	 Gaston,	 2005;	 Waide	
et	al.,	 1999;	Wright,	 1983)	 and	 ecosystem	 stability	 (Connell,	 1978;	











studying	 community	 assemblages	 (Chase,	 2014;	Dümmer,	 Ristau,	&	











Nematodes	 are	 everywhere.	 Around	 a	 million	 species	 of	 them	
exist	on	Earth,	and	a	large	proportion	(ca.	10,000	of	27,000	described	
nematode	species)	are	free-living	(Hugot,	Baujard,	&	Morand,	2001),	
comprising	 a	 wide	 variety	 of	 feeding	 modes	 (Moens,	 Traunspurger,	
&	 Bergtold,	 2006;	 Traunspurger,	 1997;	 Yeates,	 Bongers,	 de	 Goede,	
Freckman,	&	Georgieva,	 1993).	 Previous	 studies	 indicate	 that	 some	
















straints	on	species	richness	across	altitude	 in	mountain	 lakes.	 In	the	
mountains,	altitude	involves	important	changes	in	lake	environmental	
























&	Brown,	 2004).	Due	 to	 the	mountain	 geometry,	 the	 sharp	 bound-
aries	of	 the	 spatial	domain	are	governed	by	 the	altitudinal	gradient.	
Mountain	MDE	have	been	observed	for	a	wide	variety	of	organisms	
including	mammals,	birds,	plants,	 and	arthropods	 (Acharya,	Sanders,	














species	 distributions,	 and	previous	 studies	 indicate	 that	 some	nem-
atode	species	are	widely	tolerant	of	environmental	changes	 (Jacobs,	
1984;	Michiels	 &	Traunspurger,	 2005),	 the	 environmental	 tolerance	
across	 altitude	was	 expected	 to	 be	 higher	 for	 nematodes	 than	 for	
the	other	 invertebrate	groups.	 If	 this	were	 so,	 any	 similarity	of	 spe-
cies	 richness	 patterns	 between	 nematodes	 and	 other	 groups	 could	
be	 interpreted	as	a	consequence	of	similar	spatial	constraints	 in	 the	
metacommunity	 dynamics,	 rather	 than	 similar	 species-	environment	
relationships.	Therefore,	we	 specifically	 hypothesized	 (i)	 that	 nema-
todes	are	scarcely	affected	by	the	altitudinal	environmental	changes	
compared	to	other	invertebrate	groups;	and,	(ii)	that,	despite	the	dif-
ference	 in	 environmental	 influence,	 similarities	 in	 species	 richness	




2.1 | Lake selection and sampling











sampling	 was	 performed	 in	 the	 littoral	 zone	 of	 the	 lakes	 at	 80	cm	























dant	groups	 (de	Mendoza	&	Catalan,	2010).	 Insects	other	 than	chi-
ronomids	were	 also	 common	 (ca.	 3,400	 individuals),	 and,	 therefore,	
these	 three	 groups	 (oligochaetes,	 chironomids,	 and	 nonchironomid	
insects)	were	used	for	comparing	results	with	that	of	Nematoda.	All	
nematodes	found	(ca.	4,000	individuals)	were	mounted	on	slides	with	













Twenty-	eight	 environmental	 variables	 describing	 the	 physical	 and	
chemical	environment,	general	lake	trophic	status,	littoral	substrate	
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and	 some	 biotic	 conditions	 were	 measured	 or	 determined	 in	 the	
field,	or	from	samples	taken	at	the	time	of	sampling	(Catalan,	Curtis,	
&	 Kernan,	 2009),	 namely:	 lake	 area;	 lake	 depth;	 conductivity;	 pH;	
total	nitrogen	(TN);	total	phosphorus	(TP);	dissolved	organic	carbon	
(DOC);	dissolved	silica;	ammonium;	calcium;	magnesium;	sodium;	po-
tassium;	 sulfate;	 nitrate;	 chloride;	 acid	neutralizing	 capacity	 (ANC);	
surface	water	 temperature;	 organic	matter	 in	deep	 sediment	 (esti-
mated	as	 loss	on	 ignition,	 LOI,	which	 is	 a	 surrogate	of	 the	general	
trophic	status	of	the	lake);	chlorophyll-	a	 (Chl-	a);	bacteria	as	carbon	
biomass	in	plankton	samples;	substrate	granulometry	as	mean	rela-
tive	 abundance	 of	 “rocks,”	 “stones,”	 “gravel,”	 and	 “fine	 substrate”	
(estimated	by	an	in	situ	exploration	of	the	lake	littoral	zone	by	sev-
eral	observers	independently);	macrophyte	dominance;	and	fish	oc-
currence	 classified	 as	 “Salmonidae”	 and	 “Phoxinus,”	 to	 refer	 to	 any	
Salmo,	 Salvelinus or Oncorhynchus,	 and	 Phoxinus	 species,	 respec-
tively.	Samples	for	all	variables	were	collected	(temperature	directly	
measured)	at	 the	 lake	outlet,	except	 for	LOI,	collected	 in	 the	deep	
sediments,	and	Chl-	a	and	bacteria	biomass,	collected	at	a	depth	of	
1.5-	fold	 the	 Secchi	 disk	 depth,	 usually	 corresponding	 to	 the	 deep	
chlorophyll-	a	maximum	 (Catalan	et	al.,	 2002).	 The	 analytical	meth-
ods	are	described	 in	Ventura	et	al.	 (2000),	except	LOI,	determined	
according	 to	Heiri,	 Lotter,	&	Lemcke	 (2001),	 and	bacteria	biomass,	
determined	 following	 Straškrabová	 et	al.	 (1999).	 The	 classification	
of	 fish	 occurrence	 into	 the	 two	 nominal	 categories	 (“Salmonidae”	

















its	 frequency	 of	 occurrence.	 Thus,	we	 defined	 the	 altitudinal	 range	
expectancy	for	a	species	present	in	k	lakes	as	the	result	of	randomly	
choosing	 k	 altitude	 values,	without	 replacement,	 from	 those	 of	 the	






2.5 | Multivariate analysis with species and 
environmental variables
We	used	 redundancy	 analysis	 (RDA)	 to	 assess	 the	 relationship	 be-
tween	 environmental	 factors	 and	 species	 distributions.	 We	 trans-
formed	 raw	 species	 data	 to	 obtain	 a	Hellinger	 distance	 ordination,	
following	 Legendre	 &	 Gallagher	 (2001),	 so	 as	 to	 minimize	 the	 in-
fluence	 of	 zero	 values	 in	 the	 canonical	 ordination.	 Environmental	




formed	 as	 log	 (x	+	1),	 in	 order	 to	 avoid	 zeros	which	 do	 not	 permit	







&	Borcard	 (2008)	was	applied,	using	the	R	 libraries	vegan	 (Oksanen	
et	al.,	 2013)	 and	packfor	 (Dray,	 Legendre,	&	Blanchet,	 2013).	 After	




2.6 | Species richness patterns across altitude
We	analyzed	species	 richness	patterns	across	altitude	 in	each	taxo-




































cies	 (10%),	 followed	 by	 oligochaetes	 (17%),	 chironomids	 (22%)	
and	 nonchironomid	 insects	 (43%).	 Fisher’s	 exact	 tests	 showed	
that	 nematodes	 differed	 significantly	 (p < .05)	 from	 nonchirono-





















Nematoda Oligochaeta Chironomidae Insecta (other)
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3.2 | Environmental drivers of species assemblages
Redundancy	 analysis	 (RDA)	 showed	 that	 the	 influence	 of	 environ-
mental	 factors	 on	 nematode	 species	 assemblages	 was	 much	 lower	
than	 in	 the	other	groups	 (Table	1,	Figure	5).	Forward	selected	envi-
ronmental	 variables,	 indicating	 a	 minimum	model	 of	 environmental	
influence,	provided	adjusted	R2	values	of	0.132,	0.186,	and	0.242,	for	
oligochaetes,	 chironomids,	 and	 nonchironomid	 insects,	 respectively,	






ence	 of	 fish)	were	 driving	 species	 assemblages	 in	 the	 other	 groups	
(Table	1,	Figure	5),	with	an	overall	explanatory	capacity	significantly	
















groups	 analyzed,	 as	 indicated	 by	 the	 explained	 variance	 by	 the	 en-






environmental	 factors,	we	must	conclude	 that	 species	 richness	pat-
terns	in	mountain	lakes,	for	both	nematodes	and	macroinvertebrates,	





Although	 environmental	 factors	 do	 not	 condition	 nematode	 as-
semblages	 in	mountain	 lakes,	 the	 species	 richness	 shows	 the	 same	
unimodal	pattern	with	altitude	than	the	other	groups.	Similar	species	
richness	patterns	across	altitude	have	been	found	for	benthic	 inver-
tebrates	 in	 other	 lake	 districts,	 such	 as	 the	Alps	 (Füreder,	 Ettinger,	




tribution	 of	 the	 lakes.	 Stochastic	 constraints	will	 affect	 biodiversity	
patterns	 independently	 of	 the	 group	 of	 organisms	 considered	 and	
may	 include	 isolation	 (MacArthur	 &	 Wilson,	 1967),	 biogeographic	
history	 (Cornell	 &	 Lawton,	 1992),	 geometric	 constraints	 (Colwell	 &	
Lees,	 2000),	 and	metacommunity	dynamics	 (Leibold	 et	al.,	 2004).	 In	
fact,	 mountain	 lakes	 are	 typically	 unevenly	 distributed	 across	 alti-
tude	(Margalef	et	al.,	1975;	Obertegger	et	al.,	2010),	with	more	lakes	




Nematoda Oligochaeta Chironomidae Insecta (other)
Variable p AdjR2 Variable p AdjR2 Variable p AdjR2 Variable p AdjR2
Ca2+ .0058 0.020 Ca2+ .0001 0.044 NO3
− .0001 0.056 Temp. .0001 0.084
LOI .0001 0.080 ANC .0002 0.084 Salmonid .0006 0.119
Phoxinus .0021 0.101 Mg2+ .0002 0.113 FS .0028 0.145
Si .0201 0.114 FS .0011 0.134 Macrph. .0036 0.167
SO4
2− .0028 0.132 SO4
2− .0022 0.154 LOI .0043 0.188
LOI .0115 0.166 DOC .0069 0.208
Cl− .0166 0.177 Chl-	a .0098 0.227
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also	likely	to	reduce	biodiversity	in	mountain	lakes	at	the	extremes	of	
the	altitudinal	gradient,	particularly	at	the	highest	altitudes	where	hard	
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tigation,	which	might	underlie	 such	 change	or	process,	 is	 not	 acting	
(Gotelli	&	Graves,	1996).	In	this	sense,	the	species	richness	distribution	
across	altitude	of	the	nematodes	of	the	mountain	lakes	of	the	Pyrenees	





nematodes.	Thus	making	 them	a	good	approximation	of	 the	 species	
richness	expectancy	across	altitude	 in	 the	absence	of	environmental	
forcing	but	 submitted	 to	 the	 topological	dispersal	 	constraints	of	 the	
mountains.
Free-living	 nematode	 species	 inhabiting	 lakes	 are	 poor	 active	
dispersers,	 as	 indicated	 also	 by	 a	 recent	 population	 genetic	 study	
(Ristau,	Steinfartz,	&	Traunspurger,	2013).	Passive	dispersal	may	be	
useful	to	test	nematodes	as	a	null	model	in	front	of	actively	dispers-
ing	organisms	because	 it	enables	 to	 investigate	 to	what	extent	 the	









Phoretic	 relationships	 are	 best	 known	 between	 Rhabditida	 nema-
todes	 and	 flying	 insects	 (Bongers,	 1999).	 Although	 the	 Rhabditida	
were	not	collected	in	this	survey,	phoretic	relationships	with	insects	
have	 also	 been	 described	 for	 other	 nematodes	 (Bongers,	 1999;	








atode	 perspective,	 passive,	 and	 fundamentally	 stochastic,	which	 is	
important	 to	understand	the	relevance	of	spatial	 factors	 in	shaping	
biodiversity	patterns.










Taxonomic group and model R2 Adj. R2 p- value AICc
Nematodes	(S	=	20)
Simple	linear 0.0035 −0.0089 .5951 402.98
Quadratic 0.0828 0.0595 .0330* 398.40
Oligochaetes	(S	=	23)
Simple	linear 0.0916 0.0803 .0057** 392.10
Quadratic 0.1320 0.1101 .0037** 390.58
Chironomids	(S	=	36)
Simple	linear 0.1202 0.1092 .0014** 460.13
Quadratic 0.2556 0.2367 <.0001*** 448.64
Insecta	(other)	(S	=	14)
Simple	linear 0.0222 0.0100 .1813 310.31
Quadratic 0.2462 0.2271 <.0001*** 291.19
Essentially	identical	results	were	obtained	when	considering	all	species	(see	Table	S1).	For	each	model,	


























different	 colonization	 capabilities	 of	 the	nematode	 families.	A	 given	
system	will	show	impoverished	nematode	communities	depending	on	






low	productivity,	 thus	with	 resource	availability	playing	a	minor	 role	











in	general,	 in	which	the	oligotrophic	state	applies	 in	 the	vast	major-
ity	 of	 cases.	The	 abundance	 of	 submerged	vegetation	may	 increase	
nematode	diversity	in	shallow	lakes	(Wu	&	Liang,	1999).	This	situation	
is	 again	unlikely	 for	 the	Pyrenean	 lakes	because	macrophyte	occur-
rence	 is	 restricted	 to	 low	 altitudes	 (Gacia	 et	al.,	 1994;	 de	Mendoza	
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The	question	of	why	nematodes	in	mountain	lakes	are	less	sensitive	
to	the	environmental	change	across	altitude	than	other	invertebrates	
analyzed	has	no	clear	 answer.	One	possible	argument	 is	 that	nema-
todes	are	very	rich	in	species,	implying	a	broad	spectrum	of	responses	
to	environmental	conditions,	ranging	from	elevated	sensitivity	to	high	
resistance,	 the	 latter	 including	 species	 that	are	 the	 last	 to	 surrender	







recognized	as	 species	complexes	 is	noteworthy	 (Abebe	et	al.,	2008).	
The	issue	is	highly	relevant	for	nematode	biogeography,	as	the	appar-
ent	cosmopolitan	distribution	of	free-living	species	become	nowadays	
doubtful	 without	 genetic	 support	 (Ristau	 et	al.,	 2013;	 Traunspurger	
et	al.,	 2006).	This	 apparent	 cosmopolitanism	 comprises	 an	 astonish-
ingly	 wide	 variety	 of	 environments,	 which	 seems	 difficult	 to	 justify	
regarding	 phenotypic	 plasticity	 and	 genetic	 flexibility	 (Traunspurger	
et	al.,	 2006).	 However,	 this	 taxonomical	 problem	 minimizes	 in	 our	
study	 because	 we	 are	 considering	 strongly	 shifting	 environmental	
conditions	(i.e.,	the	altitudinal	gradient)	in	a	relatively	small	geographic	
area	 (i.e.,	 the	Pyrenees).	Thus,	 the	 individuals	 found	 in	Africa	 and	 in	







to	nematodes	as	to	“the most highly adaptable organisms from ecological 
and physiological stand point,”	the	question	of	why	nematodes	exhibit	




Blaxter,	 Bird,	 &	 McCarter,	 2005),	 and	 these	 efforts	 may	 hopefully	
provide	a	 satisfactory	explanation	 in	 the	near	 future	 concerning	 the	
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